ABSTRACT The impact of light intensity on the uptake and persistence of the systemic neonicotinoid insecticides, imidacloprid and dinotefuran, were evaluated in poinsettia (Euphorbia pulcherrima Willd.) and yellow sage (Lantana camara L.). Insecticide residues were measured in leaves sampled from the treated plants at four time intervals after treatment to determine the relationship between insecticide concentration and efÞcacy against two insect pests: sweetpotato whiteßy, Bemisia tabaci Gennadius, and the citrus mealybug, Planococcus citri Risso. The insecticides were evaluated at their respective label rate and at the comparable label rate of the other insecticide under two different light environments: ambient and shade. The uptake of dinotefuran into yellow sage was more rapid at both treatment rates than both rates of imidacloprid, resulting in higher percent mortality of whiteßy nymphs (89.8 Ð100) compared with imidacloprid (14.1Ð 89.2) across all 4 wk. Additionally, plants that received both rates of dinotefuran had fewer whiteßy pupae (Ͻ1.0) at week 4 compared with imidacloprid-treated plants (23.7Ð25.3). The uptake of dinotefuran into poinsettia plants was also more rapid and resulted in quicker and higher percent mortality of whiteßy nymphs (89.5Ð99.6) compared with imidacloprid (14.1Ð 89.2) across all 4 wk. However, despite efÞcient uptake, the efÞcacy of both systemic insecticides was less for citrus mealybug where percent mortality values were Ͻ50% among all the treatments across the 4 wk. The use of the two systemic insecticides evaluated in regards to pest management in horticultural cropping systems is discussed.
Floricultural crops grown in greenhouses are susceptible to attack by an array of hemipteran insect pests such as aphids, whiteßies, and mealybugs (Brodsgaard and Albajes 1999, Parrella 1999) . These insect pests withdraw plant ßuids directly from the phloem sieve tubes (food-conducting tissues) using their stylet-like mouthparts, resulting in plant stunting, leaf yellowing, and leaf distortion (Sur and Stork 2003, Jeschke and Nauen 2008) . The use of systemic insecticides is an important pest management strategy for suppression of phloem-feeders because systemic activity directly exploits the feeding behavior of this group of insects. Systemic insecticides are commonly applied preventatively to the growing medium as a drench or granule for uptake or absorption through the roots, and then translocated throughout the plant via the vascular system (Bennett 1949 , David and Gardiner 1951 , Rudinsky 1959 , Norris 1967 . During the feeding process, insects imbibe the active ingredient and are killed after ingesting a lethal concentration (Ware and Whitacre 2004, Cloyd 2010) .
Systemic insecticides commercially available for use in greenhouses and labeled for growing medium applications include imidacloprid (Marathon: OHP, Inc., Mainland, PA), thiamethoxam (Flagship: Syngenta Crop Protection, Inc., Greensboro, NC), and dinotefuran (Safari: Valent USA Corp., Walnut Creek, CA). These are all neonicotinoid-based insecticides with similar physical and molecular properties, and a mode of action (agonists at the insect nicotinic acetylcholine receptor) analogous to nicotine (Elbert and Overbeck 1990 , Tomizawa and Yamamoto 1993 , Zhang et al. 2000 , Tomizawa and Casida 2003 , Kaane et al. 2005 , Hollingworth and Treacy 2006 . However, the neonicotinoids differ widely in regards to water solubility (Sur and Stork 2003 , Jeschke and Nauen 2008 , Cloyd and Bethke 2011 . For example, dinotefuran is Ϸ80-fold more soluble in water than imidacloprid, which may affect uptake and translocation in plants (Byrne et al. 2010) . Water is essential to mobilize systemic insecticides for uptake through the roots and distribute them throughout plant tissues via the transpiration stream (Norris 1967) .
Light intensity, temperature, and relative humidity directly affect the transpiration rate of plants (Thut 1939 , Pallas et al. 1967 , Agata et al. 1985 , and may also inßuence absorption and translocation of systemic insecticides within plants (Jeppson 1953 , Reynolds 1954 . In fact, previous literature has suggested that environmental factors such as light intensity may inßuence transport of the active ingredient through plant tissues (Wedding 1953 , Reynolds 1954 , Bennett and Thomas 1954 , Bennett 1957 . However, it is difÞcult to evaluate separately the roles of light intensity and temperature on plant transpiration, and thus systemic insecticide uptake and translocation, in a greenhouse environment. These two environmental parameters are closely linked because wavelengths of light energy are converted to heat energy, raising the temperature in greenhouse environments (Grange and Hand 1987) . In addition, the amount of moisture in the air directly inßuences the plant transpiration rate by impacting evaporative demand.
In this study, we measured light intensity, temperature, and relative humidity (RH) to 1) adequately characterize the treatment environments and 2) allow for calculation of vapor pressure deÞcit (VPD), which is the difference (deÞcit) between the amount of moisture in the air and how much moisture the air can hold when saturated, and is responsible for establishing the ßow of water vapor in a system. The water loss from leaves is governed by the vapor pressure gradient, from the leaf to the air, which mainly depends on the VPD (Grange and Hand 1987) . Because water vapor is lost primarily through the stomates on leaf surfaces, it is helpful to understand the extent of stomatal opening so as to evaluate the degree of transpiration (Kirkham 2005, p. 392) . As such, we measured stomatal resistance, which ranges from 0.02 s/cm (low plant stress) to 40 s/cm (high plant stress) (Kirkham 2011, p. 149) , and is dependent on the VPD.
Competitive enzyme-linked immunosorbent assays (ELISA) speciÞc for the detection of neonicotinoids have been used to monitor the uptake and translocation of these systemic insecticides in plant tissues. This technique has been especially valuable in determining threshold insecticide concentrations necessary to suppress insect pest populations feeding on horticultural crops (Byrne et al. 2005a,b) . In this study, ELISA was used to quantify concentrations of imidacloprid and dinotefuran in leaf tissue sampled from plants treated with these systemic insecticides that were maintained under the different light intensities.
The objectives of this study were to 1) evaluate the systemic activity or movement of the two insecticides under two different light intensities and 2) assess their ability to suppress populations of the sweetpotato whiteßy, Bemisia tabaci Gennadius and the citrus mealybug, Planococcus citri Risso on yellow sage, Lantana camara L., and poinsettia, Euphorbia pulcherrima Willd. ex Klotzsch plants.
Materials and Methods
Three experiments were conducted to assess the systemic activity associated with two neonicotinoidbased insecticides that differ in water solubility, imidacloprid [Marathon 1% G (granule) Four insecticide rates were used in each experiment, all applied to plants in the 15.2-cm containers: the designated label rate of each systemic insecticide (imidacloprid at 0.014 g active ingredient/container and dinotefuran at 0.027 g active ingredient/container) and comparable rates (imidacloprid at 0.027 g active ingredient/container and dinotefuran at 0.014 g active ingredient/container). The comparable rates were used in the study to allow comparisons of the systemic insecticides at equivalent application rates. A distilled water control was also included. Plants were destructively sampled at 1, 2, 3, and 4 wk after application of the systemic insecticide treatments in each experiment.
All treatment combinations were replicated four times, using four replicate ambient and four replicate shade cages. Therefore, 160 plants were used in each experiment [2 light levels ϫ (four insecticide rates ϩ 1 distilled water control) ϫ four sample dates ϫ 4 replications] with 40 plants sampled per week over a 4-wk period. The light treatment cages consisted of polyvinyl chloride (PVC) square frames (1.2 ϫ 1.2 ϫ 1.2 m) that were covered with either clear 3-ml polyethylene (DuraGreen; DuraGreen Marketing Inc. LLC, Mount Dora, FL) for the ambient treatments, or clear polyethylene plus three layers of 52% heavy white knit shade cloth (PAK Unlimited Inc., Cornelia, GA) for the shade treatments. A HOBO data logger (Onset Computer Corp., Bourne, MA) was placed in each of the eight cages to record light intensity, temperature and RH every 30 min. This information was used to calculate the light intensity index for each experiment, which is the cumulative addition of light intensity measured every 30 min between 7:00 a.m. and 7:00 p.m. for experiments 1 and 2, and 7:00 a.m. and 5:00 p.m. for experiment 3. The VPD, which was explained above, was calculated by using MurrayÕs equation (Murray 1967 (week 4) , and the number of live and dead whiteßy nymphs were counted and recorded per plant as well as the number of live pupae on week 4. In addition, six leaves were collected from each plant on which whiteßies were present. These leaves were used to measure the concentration of the active ingredient of the two systemic insecticides in plant tissues via the ELISA assay.
Experiment 2: Sweetpotato Whitefly (B. tabaci) and Poinsettia (E. pulcherrima). Rooted cuttings of poinsettia ÔInÞnity RedÕ (Dummen USA; Hilliard, OH) were transplanted on 9 August 2009 and pinched to 6.0 cm (Ϯ1.5 cm), measured from the edge of the container to the top of the foliage canopy, on 25 August 2009 leaving Ϸ7 nodes per plant. Poinsettia plants were placed on 28 September 2009 in the infestation cage described for experiment 1 that contained the active whiteßy colony. Infested poinsettias were moved into the light treatment cages and treated with the systemic insecticides on 6 October 2009 as in experiment 1. Stomatal resistance was measured on 13 October (week 1), 19 October (week 2), 26 October (week 3), and 2 November 2009 (week 4). Plants were sampled on 13 October (week 1), 20 October (week 2), 27 October (week 3), and 2 November (week 4), and the number of live and dead whiteßy nymphs were counted and recorded per plant. Insecticide Quantification in Leaf Tissue. The active ingredients, imidacloprid and dinotefuran, were extracted from yellow sage (experiment 1) and poinsettia (experiments 2 and 3) leaves using similar procedures. Leaves were harvested from portions of every plant that contained the respective insect pest (sweetpotato whiteßy and citrus mealybug) associated with each experiment. A 1.0 cm 2 cork borer was used to excise disks from leaves sampled from each plant or experimental unit. The leaf disks were inserted into 2-ml microcentrifuge tubes (Fisherbrand; Catalog No. 02Ð 681-321) containing 1.5 ml of methanol (100%). The disks were homogenized using a polypropylene pellet pestle (Kontes, K749520 Ð 0000), which was placed on an orbital shaker and then agitated for 12 h at 25ЊC. There were four replicates for each treatment.
After extraction, the samples were brießy centrifuged to pellet the plant particulate matter. Ten microliter aliquots from each extract were added to 1.5 ml microcentrifuge tubes, dried completely in a TurboVap LV evaporator (Caliper Life Sciences, Hopkinton, MA), and then reconstituted in a 0.05% aqueous solution of Triton X-100 before analysis by ELISA. The reconstituted extracts were used directly for insecticide quantiÞcation.
The concentrations of imidacloprid and dinotefuran within the leaf extracts were determined using a competitive ELISA technique. The ELISA kits are available commercially for both imidacloprid (QuantiPlate Kit for Imidacloprid: Catalog No. EP 006; EnviroLogix Inc., Portland, ME) and dinotefuran (SmartAssay Series Dinotefuran Test Kit: Catalog No. 9107001200, Kyoto, Japan) with reported lower sensitivities of 0.2 g imidacloprid per liter and 1.5 g dinotefuran per liter, respectively. The assays were calibrated before use to test for matrix effects associated with leaf tissue homogenates (Byrne et al. 2005a) .
Statistical Analysis. Data were analyzed using SAS Systems for Windows, version 9.1 (SAS Institute 2009). To review, there were three separate experiments involving two plant types (yellow sage or poin- We refer to the four combinations of the systemic insecticides and their speciÞc rates of application as the insecticide-rate factor. There were two additional factors in the experiments, light at two levels (ambient and shade) and time in weeks (1Ð 4). Experimental units were individual potted plants and treatments were randomly allocated in a 4 ϫ 2 ϫ 4 factorial treatment structure with four replications (plants/ containers) per treatment. We used arcsine transformed mortality percentages as a measure of mortality for our response variables associated with each experiment. Data were arcsinetransformed before subject to analysis of variance (ANOVA) to correct for unequal variances and departures from normality. Transformed data were then plotted to verify symmetry and the data were determined to be symmetric. We used a protected Fisher least signiÞcant difference (LSD) at the 0.05 signiÞ-cance level for means comparisons, as appropriate, for effects that were found to be statistically signiÞcant by ANOVA (SAS Institute 2008).
The main effects of interest were light, rate of application of the systemic insecticides (label and comparable), and concentration of active ingredient, and how these impacted percent mortality of both whiteßies and mealybugs. Across the three experiments, all data associated with whiteßy and mealybug percent mortality, in the controls, was 0%, so we focused on determining differences in percent whiteßy and mealybug mortality between the four rates of each systemic insecticide (imidacloprid: label and comparable, and dinotefuran: label and comparable). All data presented are nontransformed.
Data associated with the environmental variables of light intensity, day and night temperature, day relative humidity, and VPD were analyzed using SAS Systems for Windows, version 9.1 (SAS Institute 2009) using ANOVA with light (ambient and shade) and week (1Ð 4) as the main effects.
Results
Mean light intensity, day temperature, night temperature, relative humidity (RH), and VPD for each light treatment (ambient and shade) within each experiment are presented in Table 1 . Light intensity in the ambient treatment was at least two-fold higher than the shade environment in each experiment. Day temperature and VPD were higher in the ambient than the shade treatments in experiments 1 and 2, but not experiment 3. Night temperature was only different between the ambient and shade treatments in experiment 3 (Table 1 ). The reason for this discrepancy in environment for experiment 3 may be associated with the season or months in which the experiment was conducted (mid-November through mid-December). The light intensity index for each experiment is presented in Fig. 1 , which shows a notable difference in the light intensity among the ambient and shade treatments for all three experiments.
Experiment 1: Sweetpotato Whitefly (B. tabaci) and Yellow Sage (L. camara). Insecticide-rate (F ϭ 26.52; df ϭ 3, 127; P Յ 0.0001), week (F ϭ 2.72; df ϭ 3, 127; P ϭ 0.0485), and light (F ϭ 32.84; df ϭ 1, 127; P Յ 0.0001) main effects were all signiÞcant regarding the concentration of active ingredients present in leaf tissue. In addition, the insecticide-rate ϫ light (F ϭ 5.27; df ϭ 3, 127; P ϭ 0.0021), insecticide-rate ϫ week (F ϭ 8.42; df ϭ 9, 127; P Ͻ 0.0001), and insecticide-rate ϫ light ϫ week (F ϭ 3.23; df ϭ 9, 127; P ϭ 0.0018) interactions were signiÞcant. The trends in the data indicated that for both rates of imidacloprid, plants exposed to ambient light generally had higher concentrations of the active ingredient in the leaf tissues (Fig. 2a) compared with plants in shade across all 4 wk (Fig. 2b) . Higher concentrations of dinotefuran were present in the leaf tissue of plants exposed to ambient light (Fig. 2a) than shade (Fig. 2b) for both rates (comparable and label). In addition, the label rate was numerically higher than the comparable rate (Fig. 2a,b) . Dinotefuran concentrations consistently, regardless of rate and light treatment, were higher in the Þrst 2 wk but declined thereafter (Fig. 2a,b ). There were signiÞcantly higher concentrations of imidacloprid in the leaf tissue for plants receiving the comparable rate (449.3 ng/leaf disk) than the label rate (267.4 ng/leaf disk) whereas signiÞcantly higher concentrations of dinotefuran were present in leaf tissues associated with plants that received the label rate (759.5 ng/leaf disk) compared with plants that received the comparable rate (439.1 ng/leaf disk) as would be expected.
For percent whiteßy nymphal mortality, light was not signiÞcant (F ϭ 0.54; df ϭ 1, 127; P ϭ 0.4623); however, the main effects of insecticide-rate and week were signiÞcant (F ϭ 99.67; df ϭ 3, 127; P Յ 0.0001 and F ϭ 26.52; df ϭ 3, 127; P Յ 0.0001, respectively) and the insecticide-rate ϫ week interaction was signiÞcant (F ϭ 3.25; df ϭ 9, 127; P ϭ 0.017).
Insecticide-rate was signiÞcant (F ϭ 33.57; df ϭ 3, 31; P Ͻ 0.0001) for the number of live whiteßy pupae on the plants in week 4. There were signiÞcantly fewer whiteßy pupae on plants treated with both rates of dinotefuran (label ϭ 0.62 Ϯ 3.6 and comparable ϭ 0.0 Ϯ 3.6, respectively) than plants treated with both rates of imidacloprid (label ϭ 23.7 Ϯ 3.6 and comparable ϭ 25.3 Ϯ 3.6, respectively).
There was an increasing trend over time for percent whiteßy nymphal mortality for each imidacloprid application rate across the 4-wk with the highest percent morality being 77.9% at week 4 whereas for both dinotefuran rates percent whiteßy nymphal mortality was Ͼ89% (89.5Ð100%) for all 4 wk (Fig. 3) . This suggests that, in general, dinotefuran was more effective than imidacloprid, regardless of the rate used. Although the comparable rate of imidacloprid was higher than the label rate, this did not translate into a substantial increase in percent whiteßy nymphal mortality except for week 1 (Fig. 3) .
For stomatal resistance, light was the only main effect that was signiÞcant (F ϭ 53.10; df ϭ 1, 127; P Յ 0.0001); shade had a signiÞcantly higher mean resistance than ambient light (4.86 Ϯ 0.19 s/cm vs. 2.90 Ϯ 0.19 s/cm, respectively).
Experiment 2: Sweetpotato Whitefly (B. tabaci) and Poinsettia (E. pulcherrima). Insecticide-rate (F ϭ 85.15; df ϭ 3, 126; P Յ 0.0001), week (F ϭ 7.03; df ϭ 3, 126; P ϭ 0.0003), and light (F ϭ 27.53; df ϭ 1, 126; P Յ 0.0001) main effects were all signiÞcant regarding the concentration of active ingredients present in the leaf tissue. In addition, the insecticide-rate ϫ light interaction was signiÞcant (F ϭ 7.74; df ϭ 3, 126; P ϭ 0.0001).
The trends in the data indicated that for both rates of imidacloprid (comparable and label), plants exposed to ambient light generally had higher concentrations of the active ingredient in the leaf tissues compared with plants in shade across all 4 wk (Fig. 4) .
Higher concentrations of dinotefuran were present in the leaf tissue of plants exposed to ambient light than shade (Fig. 4) for both rates (comparable and label). In addition, the label rate was numerically higher than the comparable rate (Fig. 4 ). There were signiÞcantly higher concentrations of imidacloprid in the leaf tissue of plants receiving the comparable rate (192.4 ng/leaf disk) than the label rate (101.6 ng/leaf disk) whereas signiÞcantly higher concentrations of dinotefuran were present in leaf tissues associated with plants that received the label rate (740.2 ng/leaf disk) compared with plants that received the comparable rate (326.6 ng/ leaf disk). In addition, when averaged over all four insecticide-rate combinations, there were signiÞ-cantly higher concentrations of both insecticides in leaf tissue sampled from plants maintained under a To exclude periods of darkness from the light intensity averages, only readings Ͼ15 lumens/ft 2 were included. To convert these units to mol/m 2 /s of PAR (Photosynthetically Active Radiation) for 400 Ð700 nm, light intensity measured in lumens/m 2 was multiplied by 0.20 (Thimijan and Heins 1983) .
b Day temp and RH were averages of readings measured between 0600 and 1800 h. c Night temp was an avg of readings measured between 1830 and 0530 h. d Vapor pressure deÞcit was calculated using MurrayÕs equation (Murray 1967). ambient light (420 ng/leaf disk) compared with those under shade (259.6 ng/leaf disk). For percent whiteßy nymphal mortality, light was not signiÞcant (F ϭ 0.12; df ϭ 1, 127; P ϭ 0.7298), but the main effects of insecticide-rate and week were signiÞcant (F ϭ 78.79; df ϭ 3, 127; P Յ 0.0001 and F ϭ 33.07; df ϭ 3, 127; P Յ 0.0001, respectively) and the insecticide-rate ϫ week interaction was signiÞcant (F ϭ 5.16; df ϭ 9, 127; P Յ 0.0001). Percent whiteßy nymphal mortality was signiÞcantly higher for both the comparable (93.5) and label rate (97.2) of dinotefuran than the imidacloprid comparable (66.2) and label rate (56.7).
There was an increasing trend over time associated with percent whiteßy nymphal mortality for each imidacloprid application rate across the 4 wk with the highest percent morality being 78% at week 4 whereas for both the dinotefuran rates percent whiteßy nymphal mortality was Ͼ89% (89.5Ð99%) for all 4 wk (Fig. 5) . These results corroborate Þndings from experiment 1, which also showed that dinotefuran was more effective than imidacloprid, particularly at the label rate. Although the comparable rate of imidacloprid was higher than the label rate, this did not result in a substantial increase in percent whiteßy nymphal mortality except for week 1 (Fig. 5) .
For stomatal resistance, light and week were the signiÞcant main effects (F ϭ 45.57; df ϭ 1, 126; P Յ 0.0001 and F ϭ 14.93; df ϭ 3, 126; P Յ 0.0001, respectively), and the light ϫ week interaction was signiÞcant (F ϭ 8.33; df ϭ 3, 126; P Յ 0.0001), where shade had signiÞcantly higher mean resistance values than ambient light across all 4 wk (Table 2).
Fig. 2.
Mean concentration (ng/leaf disk) of systemic insecticide active ingredient (imidacloprid and dinotefuran when applied at the comparable and label rate) in plant (L. camara) tissues associated with the ambient (a) and shade (b) light treatment for weeks 1 through 4 for experiment 1. Insecticide-rate: Comp ϭ comparable rate (imidacloprid at 0.027 g active ingredient/container and dinotefuran at 0.014 g active ingredient/container), Label ϭ label rate (imidacloprid at 0.014 g active ingredient/container and dinotefuran at 0.027 g active ingredient/container). Statistics: insecticide-rate ϫ light ϫ week (F ϭ 3.23; df ϭ 9, 127; P ϭ 0.0018).
Experiment 3: Citrus Mealybug (P. citri) and Poinsettia (E. pulcherrima).
Insecticide-rate (F ϭ 103.75; df ϭ 3, 127; P Յ 0.0001) and week (F ϭ 15.60; df ϭ 3, 127; PՅ0.0001) main effects were both signiÞcant regarding the concentration of active ingredients present in leaf tissues. In addition, the insecticide-rate ϫ Fig. 3 . Mean (ϮSEM) percent mortality of sweetpotato whiteßy, B. tabaci nymphs associated with each systemic insecticide-rate (imidacloprid and dinotefuran: comparable and label rate) and week (1 through 4) for experiment 1. Insecticide-rate: Comp ϭ comparable rate (imidacloprid at 0.027 g active ingredient/container and dinotefuran at 0.014 g active ingredient/container), Label ϭ label rate (imidacloprid at 0.014 g active ingredient/container and dinotefuran at 0.027 g active ingredient/container). Statistics: insecticide-rate ϫ week (F ϭ 3.25; df ϭ 9, 127; P ϭ 0.017).
Fig. 4.
Mean concentration (ng/leaf disk) of systemic insecticide active ingredient (imidacloprid and dinotefuran when applied at the comparable and label rate) in plant (E. pulcherrima) tissues associated with the ambient light and shade treatments for experiment 2. Leaf samples were taken once per week over a 4-wk period after treatments had been applied. Insecticide-rate: Comp ϭ comparable rate (imidacloprid at 0.027 g active ingredient/container and dinotefuran at 0.014 g active ingredient/container), Label ϭ label rate (imidacloprid at 0.014 g active ingredient/container and dinotefuran at 0.027 g active ingredient/container). Statistics: insecticide-rate ϫ light (F ϭ 7.74; df ϭ 3, 126; P ϭ 0.0001).
week interaction was signiÞcant (F ϭ 2.57; df ϭ 9, 127; P ϭ 0.0107). For imidacloprid, the mean (ϮSEM) concentration (ng/leaf disk) of active ingredient associated with the comparable rate (234.3 Ϯ 39.6) was signiÞcantly higher than the label rate (145.3 Ϯ 39.6) whereas for dinotefuran, the concentration of active ingredient in the leaf tissues for plants that received the label rate (989.7 Ϯ 39.6) was signiÞcantly higher than the comparable rate (736.1 Ϯ 39.6). In regards to the concentration of active ingredient across the 4 wk, the label rate of dinotefuran was numerically higher than the other rates evaluated (Fig. 6) . Dinotefuran concentrations associated with the comparable and label rates were highest in weeks 2 (943.0 Ϯ 79.2 and 1111.6 Ϯ 79.2) and 3 (928.2 Ϯ 79.2 and 1138.8 Ϯ 79.2) but declined thereafter (Fig. 6) .
For percent mealybug mortality, only the main effect of week was signiÞcant (F ϭ 26.26; df ϭ 3, 127; P Յ 0.0001). Percent mealybug mortality for the comparable (40.6 Ϯ 3.3) and label (34.8 Ϯ 3.3) rates of imidacloprid and comparable (43.8 Ϯ 3.3) and label (45.3 Ϯ 3.3) rates of dinotefuran were all Ͻ50%. This suggests that none of the insecticides, regardless of the rates used, provided satisfactory control of citrus mealybugs feeding on poinsettia.
For stomatal resistance, light and week were the only main effects that were signiÞcant (F ϭ 4.69; df ϭ 1, 126; P ϭ 0.0329 and F ϭ 17.09; df ϭ 3, 126; P Յ 0.0001, respectively); shade had a signiÞcantly higher mean resistance value than that for ambient light (19.28 Ϯ 1.19 s/cm vs. 15.27 Ϯ 1.19 s/cm, respectively).
Discussion
This study showed that light intensity can adversely affect the uptake of systemic neonicotinoid insecticides, thereby, indirectly inßuencing their efÞcacy in controlling populations of the sweetpotato whiteßy and citrus mealybug. Light intensity and temperature are likely confounded in impacting plant growth and insect development (Niesenbaum and Kluger 2006) . Therefore, we measured light intensity, temperature, relative humidity, and calculated VPD to determine if any of these environmental parameters inßuenced the movement of the systemic insecticide active ingredients within the plants.
In experiments 1 and 2, VPD was lower in the shade compared with the ambient light treatment but VPD was not different between the light treatments in experiment 3 (Table 1 ). The lower VPD likely re- a Means within a row followed by a different letter are signiÞcantly different based on an analysis of variance (ANOVA) with a P Յ 0.05. duced plant transpiration in the shade compared with plants in the ambient light treatment thus inßuencing translocation of the systemic insecticides into and through plant tissues. Regarding stomatal resistance, shade had a signiÞcantly higher mean resistance value than that for ambient light in all three experiments. This result is expected because a higher stomatal resistance indicates that the stomates are more tightly closed, which means that plants are transpiring less.
Although dinotefuran uptake was also inßuenced by light intensity, the label application rates still provided sufÞcient active ingredient to compensate for the reduced uptake under low light conditions. In addition to the higher concentrations of dinotefuran at current label rates, the effectiveness of dinotefuran in controlling whiteßies in our study may also be attributed to its greater intrinsic toxicity and more effective uptake from the growing medium than imidacloprid. An increase in the application rate compensated for the lower rate of imidacloprid uptake at low light intensity and provided more effective control of whiteßies.
Imidacloprid and dinotefuran represent extremes with respect to water solubility among the neonicotinoids, and these differences may impact the rate of uptake of these systemic insecticides (Byrne et al. 2007) . Furthermore, the dinotefuran treatments (comparable and label rates) in experiment 1 resulted in the development of very few adults based on the number of empty pupal cases (Յ0.62) thus reducing the population of whiteßy nymphs in the next generation. Because dinotefuran (39 g/L) is more soluble in water than imidacloprid (0.51 g/L) (Wakita et al. 2005) it may be more readily available in the growing medium for root uptake and translocation throughout plant parts . Moreover, the delay or lag period from application to the advent of full systemic translocation within plants may also affect the ability of the systemic insecticide to prevent the development of future generations . Insecticides with higher water solubilities tend to be more mobile within the plant. Therefore, the low solubility of imidacloprid may impede movement throughout plant tissues (Hale and Shorey 1965, Tomlin 1994) , particularly in woody plants as woody plant stems may inhibit the concentration of active ingredient that reaches and accumulates within plant leaves although this may vary depending on plant type, developmental stage, and the particular systemic insecticide (Cowles 2010) . Both yellow sage and poinsettia develop woody tissue (Liberty Hyde Bailey Hortorium 1976), particularly later in the production cycle, which may delay the movement of imidacloprid throughout the plant. This may account for the lower mortality of both the sweetpotato whiteßy and citrus mealybug during the course of the study. Byrne et al. (2010) demonstrated that dinotefuran drench applications could provide multi-generational control of whiteßy populations because of the rapid activity of dinotefuran. This is primarily because of the high mortality provided within 1 to 2 wk, which then reduces the number of individuals in future generations. In fact, in our study, even the comparable rate of imidacloprid (that was an increase of Ͼ50% in the concentration compared with the standard rate) did not provide higher levels of mortality than the label rate. This suggests that imidacloprid must be applied before the presence of whiteßies and when plants are herbaceous whereas dinotefuran can be applied later . Mean concentration (ng/leaf disk) of systemic insecticide active ingredient (imidacloprid and dinotefuran when applied at the comparable and label rate) in plant (E. pulcherrima) tissues associated with weeks 1 through 4 for experiment 3. Insecticide-rate: Comp ϭ comparable rate (imidacloprid at 0.027 g active ingredient/container and dinotefuran at 0.014 g active ingredient/container), Label ϭ label rate (imidacloprid at 0.0.014 g active ingredient/container and dinotefuran at 0.027 g active ingredient/container). Statistics: insecticide-rate ϫ week (F ϭ 2.57; df ϭ 9, 127; P ϭ 0.0107).
in the production cycle; however, both were applied later on in the poinsettia production cycle in experiment 3, during bract expression, and this could account for the lack of efÞcacy against the citrus mealybug. As such, both systemic insecticides may need to be applied before this stage of plant development. The recommended label rates for dinotefuran are four-fold higher than imidacloprid, which means that more active ingredient is available for plant uptake. In addition, dinotefuran is more toxic to whiteßies than imidacloprid (Prabhaker et al. 2005) . The fact that we obtained sufÞcient mortality of whiteßy nymphs in experiments 1 and 2 with the comparable rate indicates that using a rate of dinotefuran, lower than the recommended label rate, may be just as effective against whiteßies.
The lack of effective control against citrus mealybugs may be associated with the feeding behavior of this insect as they tend to congregate on plant stems (R.A.C., unpublished data), which may allow them to avoid ingesting lethal concentrations of the active ingredient. In addition, it is possible that the systemic insecticides are primarily located within the xylem of stems where the main transport within the plant occurs (Sur and Stork 2003) . It is possible that because the leaves are the sink for the insecticide, once the insecticide reaches the sink, then there is movement from the xylem to the phloem, thereby affecting phloem-feeders more effectively. Essentially, the phloemfeeders may avoid higher doses because the movement of the insecticide between the xylem and phloem is not as pronounced compared with when the insecticide resides at the sink area. However, additional research to explain this observation is warranted.
Furthermore, it is possible that the citrus mealybug is less susceptible to systemic insecticides than whiteßies, which may be associated with their feeding behavior that involves differences in the number and length of time of intracellular punctures, intervals between the Þrst phloem-ingestion periods and stylet motility during the phloem searching process (Calatayud et al. 1994 ). This could impact the ability of systemic insecticides to control citrus mealybugs. In addition, treatments were applied when poinsettia plants were beginning to unroll bracts. Bract or ßower formation may inßuence stomatal resistance or transpiration rates (Burrows and Milthorpe 1976) although this depends on plant type (Longstreth and Kramer 1980) . However, if the plants were transpiring less during ßowering, this would have negatively affected the movement or translocation of the systemic insecticides within the plant tissues, which was observed in experiment 3. As such, reduced transpiration would lead to less absorption of the active ingredient by the root system, thus less active ingredient being translocated throughout the plant resulting in lower mortality against citrus mealybugs. This is supported by the differences in stomatal resistance between experiments 2 and 3 where in experiment 2, stomatal resistance for both ambient and shade was 6.2 s/cm and 10.5 s/cm, respectively, whereas in experiment 3, stomatal resistance was 15.2 s/cm for ambient and 19.2 s/cm for shade.
Plant developmental stage and type may affect uptake and movement of systemic insecticides. As such, any differences in the concentration of active ingredient may be associated with the plant type as both yellow sage and poinsettia are C 3 plants (Webster et al. 1975 ) but yellow sage may have a lower transpiration rate than poinsettia, which could result in less active ingredient accumulating in the leaf tissues. In fact, it has been reported that the transpiration rate of poinsettia is 0.00000465 g/cm 2 /s compared with 0.000002083 g/cm 2 /s for yellow sage (Schuch et al. 1995 , Thut 1939 . Additionally, yellow sage has been shown to have a lower transpiration rate compared with other ornamental species under certain environmental conditions (Starman and Lombardini 2006) . In our study, however, the season in which the experiments were conducted seemed to over-ride plant type effect on transpiration. In experiment 1, yellow sage had a much lower stomatal resistance (2.9 s/cm in ambient and 4.9 s/cm in shade) compared with poinsettia in experiment 2 (6.4 s/cm in ambient and 10.5 s/cm in shade). The higher stomatal resistance associated with poinsettia in experiment 2 suggests that less transpiration was occurring, which may have reduced uptake, translocation, and thus efÞcacy of the systemic insecticide treatments.
In summary, our study has demonstrated that light intensity may impact the uptake and translocation of systemic insecticides, and indirectly inßuence mortality of insect pests based on the effect of light intensity on plant transpiration. This research also raises interesting questions on the potential impact of season, stage of plant development, and timing of applications on translocation and efÞcacy. The results from our study indicate that greenhouse producers should take into consideration a multitude of interacting factors that may inßuence the efÞcacy of systemic insecticide applications.
